Abstract Paleosols contain information about the rates of soil organic carbon turnover when the soil was actively forming. However, this temporal information is often difficult to interpret without tight stratigraphic control on the age of the paleosol. Here we apply ramped pyrolysis/oxidation (Ramped PyrOx) 14 C analyses to evaluate age spectra of transgressive early Holocene paleosols from the Mississippi Delta in southeastern Louisiana, USA. We find 14 C age spectra from soil organic matter (SOM) in both paleosols and overlying basal peats that represent variability in age that is close to, or only slightly greater than, analytical uncertainty of 14 C measurements, despite different sources of carbon with likely disparate ages. Such age spectra have not previously been observed in the sedimentary record. Here they indicate vigorous soil carbon turnover prior to burial, which homogenized 14 C ages within SOM across the entire thermochemical spectrum. The weighted bulk 14 C ages from Ramped PyrOx of paleosols and overlying peats are identical within analytical and process-associated uncertainty, and corroborate 14 C ages from charcoal fragments and plant macrofossils from the overlying peat. The youngest ages from Ramped PyrOx age spectra may also potentially be applied as chronometers for stratigraphic burial ages. Our results suggest rapid turnover (300 years) of carbon in these soils relative to input of allochthonous carbon, indicating that the 14 C age of different soil components is decoupled from thermochemical stability and instead reflects vigorous turnover processes. The concurrence of paleosol and peat 14 C ages also suggests that pedogenic processes were linked with the development of coastal marshes, and that the priming effect potentially masked the signal of allochthonous carbon inputs during sea level rise.
14 C age spectra from soil organic matter (SOM) in both paleosols and overlying basal peats that represent variability in age that is close to, or only slightly greater than, analytical uncertainty of 14 C measurements, despite different sources of carbon with likely disparate ages. Such age spectra have not previously been observed in the sedimentary record. Here they indicate vigorous soil carbon turnover prior to burial, which homogenized 14 C ages within SOM across the entire thermochemical spectrum. The weighted bulk 14 C ages from Ramped PyrOx of paleosols and overlying peats are identical within analytical and process-associated uncertainty, and corroborate 14 C ages from charcoal fragments and plant macrofossils from the overlying peat. The youngest ages from Ramped PyrOx age spectra may also potentially be applied as chronometers for stratigraphic burial ages. Our results suggest rapid turnover (300 years) of carbon in these soils relative to input of allochthonous carbon, indicating that the 14 C age of different soil components is decoupled from thermochemical stability and instead reflects vigorous turnover processes. The concurrence of paleosol and peat
Introduction
The accumulation and storage of organic carbon in soils is controlled by a set of physical, chemical, and biological processes that allow it to persist in a thermochemically unstable state over time scales of 10 1 210 5 years [Lehmann and Kleber, 2015; Schmidt et al., 2011; Trumbore et al., 1990 Wang et al., 1996] . Soil formation, or pedogenesis, commences when these ecosystem processes are first initiated, and may continue as long as the cycling of organic carbon persists. The classic model for soil organic matter (SOM) includes multiple pools of organic carbon within a single soil that have different turnover times, ranging from minutes to millennia [Trumbore, 2009] . This is confirmed by modeling studies of 14 C dynamics in soils, which
show that turnover times can vary by several orders of magnitude [Gaudinski et al., 2000; Hobbie et al., 2000; Telles et al., 2003; Torn et al., 1997] . The organic carbon in soils may be entirely authigenic (or ''autochthonous''), with localized pedogenic processes actively cycling atmospheric CO 2 into the SOM pool. However, a significant proportion of the organic carbon in a depositional soil setting may instead be reworked from exogenous (''allochthonous'') sources, via sediment transport (fluvial, glaciogenic, eolian, etc.) , or from chemical weathering of the underlying bedrock. These allochthonous sources of carbon, along with the residence time of carbon within the soil-defining ecosystem processes, cause the average age of all SOM components to be older than the formation of the soil. As a result, 14 C measurements of ''bulk'' samples of actively forming modern soils routinely yield ages that are consistently older than contemporaneous atmospheric 14 C [Torn et al., 1997; Trumbore, 2000; Wang et al., 1996] .
Relative to our evolving understanding of the turnover of carbon within the SOM continuum, little is known about the turnover time, permanent storage, and age of organic carbon in paleosols over time scales longer than typical soil turnover time scales (10 1 210 3 years), even though many Quaternary paleosols from
Key Points: Organic C in buried early Holocene paleosols from the Mississippi Delta shows 14 C ages invariant across the thermochemical spectrum Turnover times in these paleosols are <300 years, suggesting rapid pedogenesis and a potential role for the priming effect Rapid OC turnover and invariant age spectra suggest that paleosols in this region have importance as chronomarkers in sedimentary sequences different environments exhibit very good preservation [Marin-Spiotta et al., 2014a] . Such information can be useful in local to regional investigations of soil biogeochemical changes; indeed, paleosols are increasingly utilized in terrestrial paleoenvironmental and paleoclimate reconstructions [Tabor and Myers, 2015] . Late Quaternary paleosols that formed within the 14 C age window provide an opportunity to investigate these properties, as long as they are not complicated by poor preservation or postburial carbon exchange. Little research has focused on carbon dynamics and long-term storage in paleosols [Chaopricha and MarinSpiotta, 2014] , especially as they relate to using 14 C dating to determine the age of paleosol formation. This contrasts with active soils, where there is no shortage of research focused on isolating different soil carbon pools and determining their respective residence times, through physical, chemical, or biological separation Mikutta et al., 2005 Mikutta et al., , 2006 von L€ utzow et al., 2007] . Traditionally, 14 C analysis of both active soils and paleosols has focused on the separation of operationally defined components such as fulvic acids (alkali-soluble, remain soluble in acidic solutions), humic acids (alkali-soluble, precipitate at low pH), and humin (alkali-insoluble residue-often the majority of SOM) [Campbell et al., 1967; Goh and Molloy, 1978; Rice, 2001 ] to isolate differences in carbon turnover rates between components. Such 14 C determinations are difficult to interpret in terms of the age of soil formation or burial. In one example, relatively immature wetland paleosols in the Holocene coastal plain of Netherlands [Schoute, 1984] contained humic acids yielding ages consistent with independent dating constraints, but significantly younger than the residue. Similar Holocene paleosols in coastal Louisiana [T€ ornqvist et al., 2004] show that 14 C ages of humic acids and the residue from the same sample can vary up to 1000 14 C years; as a result, only charcoal fragments extracted from these paleosols were considered precise enough to use as a chronometer in sea level research [Yu et al., 2012] . In these cases, if the 14 C content is interpreted as an indicator of age, the variability between carbon components indicates a spectrum of ages within the sample, lending ambiguity to the application of the paleosol as a chronometer.
The Mississippi Delta in southeastern Louisiana (Figure 1 ) offers excellent opportunities to address the knowledge gap between understanding the biogeochemistry of paleosols versus active soils. Whereas the volume, extent, and carbon storage of active organic soils in this region have been studied extensively [Giosan and Freeman, 2014] , these carbon dynamics have not been similarly assessed in the abundant buried paleosols that preserve a record of both sediment deposition and pedogenesis throughout the Quaternary. During prolonged sea level lowstands, subaerially exposed surfaces developed into soils that are preserved as mature and highly oxidized paleosols [Autin and Aslan, 2001] . In contrast, immature wetland paleosols formed during periods of rapid sea level rise, such as the early Holocene, and were eventually transgressed by wetland, lagoonal, and marine sediments. These immature paleosols, which are the focus of our work, were rapidly buried under anoxic conditions, with relatively high-quality organic carbon preservation and little exchange with modern organic carbon. They are often stratigraphically constrained by overlying basal peats, and represent an opportunity to investigate soil turnover times and pedogenic processes in buried soils. In addition, these paleosols can be explored as a potential chronometer in sedimentary successions used to reconstruct rates of sea level rise. However, a bulk sampling approach to 14 C dating of these paleosols may overestimate their ages due to inclusion of old, allochthonous carbon and averaging of SOM components that have different ages.
The bulk pool of sedimentary organic carbon can be separated by thermochemical stability using ramped pyrolysis-oxidation (Ramped PyrOx), which has been combined with 14 C analyses to obtain 14 C ages for multiple thermal splits of single environmental samples [Rosenheim et al., 2008] . This method was originally conceived for the analysis of glacio-marine sediments (age spectra ranging from 2000 to 10,000 14 C years) [Rosenheim et al., 2008 [Rosenheim et al., , 2013b Subt et al., 2016] , and subsequently applied for analysis of the entire age spectrum of particulate organic carbon of fluviodeltaic systems (age spectra from 4000 to 30,000 14 C years) [Rosenheim and Galy, 2012; Rosenheim et al., 2013b; Schreiner et al., 2014; Williams and Rosenheim, 2015; Williams et al., 2014] and lacustrine sediments (age spectra from 1800 to 4000 14 C years) [Bianchi et al., 2015; Gaglioti et al., 2014] . In all of these depositional settings, 14 C content spectra reveal age differences of up to 30,000 14 C years [e.g., Rosenheim and Galy, 2012] between low-temperature and hightemperature splits of pyrolyzed organic carbon, providing a holistic view of carbon cycling within integrated sedimentary systems as parameterized by 14 C content. These results all present an estimate of the range in 14 C content from within the bulk sedimentary organic carbon pool. Although SOM is a significant contributor to the carbon within sediments and riverine particulates, direct application of Ramped PyrOx 14 C Geochemistry, Geophysics, Geosystems
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analysis to active soils is less well developed. To date, ramped PyrOx 14 C analysis of active soils has demonstrated differences in 14 C content spectra between soils developed under cultivated and native vegetation [Plante et al., 2013] , and has also shown that young, labile compounds may be persistent in permafrost soil following riverine transport and marine burial [Schreiner et al., 2014] .
We use Ramped PyrOx 14 C in order to determine SOM turnover times in Mississippi Delta paleosols that formed during deglacial sea level rise through stratigraphic constraint with plant macrofossil 14 C ages at three sites (Figure 1) . Each site features a transgressive facies succession with an immature early Holocene paleosol, overlain (at two of the sites) by basal peat that accumulated in an estuarine marsh, which is in turn overlain by lagoonal muds. With this stratigraphic control on the minimum age of the paleosols, our 14 C content spectra from these paleosols can be interpreted as a function of turnover time, and the youngest ages of the spectra can be established as a chronometer for sea level rise.
Methods

Site Selection and Coring
Cores were collected from three sites in the Mississippi Delta: Bayou Sale VIII, Boutte I, and Boutte II (Figure 1) , with the two coring sites near Boutte, Louisiana separated by 2 km. These cores were selected within the framework of ongoing research to reconstruct relative sea level rise during the Holocene (T€ ornqvist et al. [2004] and subsequent studies). Late Pleistocene sediments in this region consist of the highly consolidated Prairie Complex [Autin et al., 1991] , of which the youngest portion formed during Marine Isotope Stage 5a, around 80,000 years ago [Shen et al., 2012] . Overlying these terrestrial Pleistocene deposits is a dark grey A-horizon representing a weakly developed paleosol, previously identified as an Entisol, suborder Aquent [T€ ornqvist et al., 2004] . This widespread paleosol is commonly overlain by a basal Figure  1 ) were selected based on locations where paleosols were rapidly buried by transgressive sediments which shut off pedogenesis relatively abruptly, compared to later in the Holocene when sea level rise was slower.
Cores were collected using a Geoprobe 6610DT drilling system. At each field site, the depth of the Pleistocene-Holocene transition was averaged between 3 and 5 replicate cores. From these replicates, we selected cores for geochemical analyses based on the sedimentological characteristics of the contact between the lagoonal mud and underlying facies rich in organic carbon, favoring cores where this contact was best preserved with minimal erosion. Core sedimentology, texture, and color were initially described in the field, and cores were subsequently transported to Tulane University and archived in cold storage (48C).
Ramped PyrOx and Closed Tube Combustion
One representative core from each site was selected for Ramped PyrOx 14 C analysis, performed in both the Stable Isotope Laboratory at Tulane University and at the University of South Florida College of Marine Science. Paleosols were subsampled from the center of each core to avoid contamination. At sites Boutte I and Boutte II, we also sampled the overlying peat for Ramped PyrOx. Sampled material was dried in a drying oven at 408C, homogenized with a mortar and pestle, and then acid treated in 10% HCl at 258C for 24 h to remove carbonate minerals. The effects of such treatments on isotopic and chemical composition have been widely debated [Brodie et al., 2011a,b,c; Bunn et al., 1995; Kennedy et al., 2005; Kolasinski et al., 2008; Lohse et al., 2000; Ryba and Burgess, 2002; Schubert and Nielsen, 2000] . However, detailed comparison between acid-pretreated soils and untreated soils using Ramped PyrOx 14 C has not yet been carried out and is beyond the scope of the current study. It is likely that acid treatment and subsequent rinsing can remove some water-soluble organic matter, and this organic matter is likely more thermochemically reactive. In short, carbon in compounds that are labile at low temperature could potentially be removed during treatment.
Samples were then rinsed with deionized water several times (until pH 7), dried, and rehomogenized. Prior to analyses, all borosilicate glass collection tubes, metal tools, CuO, Ag wire, and quartz wool were prebaked at 5258C for 240 min to remove organic carbon contamination, if present. Quartz reactors were rinsed with acetone between uses, and quartz reactors were heated up to 9008C for 240 min prior to use for Ramped PyrOx. Each sample was weighed and loaded into quartz reactor inserts and placed in a reducing He gas stream, following the protocol of Rosenheim et al. [2008] . Samples were heated at 58C min 21 in a reducing furnace. Decomposition products were carried out of the reducing furnace in the He gas stream for combustion further downstream of a confluence with O 2 (10%), in a catalysis furnace maintained at 8008C containing copper oxide wire (with Pt and Ni). The concentration of CO 2 that evolves into the carrier gas is recorded simultaneously with temperature data using an infrared CO 2 detector (Sable Systems CA-10), creating an orthogonal space we refer to as a thermograph [see Rosenheim et al., 2008] . Ramped PyrOx products were trapped in five temperature splits per sample. Each temperature split of CO 2 was manually distilled 2-3 times using n-propanol cooled to phase transition (2548C) with liquid N 2 to remove H 2 O and other condensable gases. The cryogenically purified CO 2 from each temperature split was flame-sealed in an evacuated borosilicate glass tube with CuO and Ag wire (all precombusted at 5258C for at least 120 min), and then the closed ampoules containing the distilled sample gases were recombusted at 5258C prior to 14 C analysis.
Acid-treated paleosol and peat samples (sites Boutte I and Boutte II) were also prepared using closed-tube combustion to obtain a ''bulk'' 14 C age. Samples were preweighed for target masses of 50 mmol CO 2 based on the amount of organic carbon (%OC), and loaded into quartz collection tubes with CuO and Ag wire. Collection tubes were evacuated for 60 min, flame sealed, and then combusted at 9008C for 240 min. Two standards were prepared in the same way: an Alfa Aesar V R graphite (devoid of 14 C) and IAEA OX-I oxalic acid (f M 1.038) in the same analytical batch, using an identical protocol. These laboratory reference materials were analyzed as unknown samples at the National Ocean Sciences Accelerator Mass Spectrometer Facility (NOSAMS), Woods Hole Oceanographic Institution. Results from these standards allow continuous assessment of process blank contamination corrections, using the isotope dilution procedure outlined in Fernandez et al. [2014] and summarized herein in supporting information ( Figures S1 and S2 ).
Ramped PyrOx and closed-tube combustion products were submitted to NOSAMS for 14 C analysis. For peat samples, d 13 C was measured independently via isotope ratio mass spectrometry (IRMS; Table 1 ). Paleosols
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contain a lower concentration (1-2%) of organic carbon. We chose to analyze these with higher precision (longer beam time) and perform corrections with AMS-measured 13 C/ 12 C ratios, which are not corrected to international standards and thus are not comparable to IRMS-measured d 13 C, so these numbers are not reported. All 14 C fractions modern reported from higher-precision analyses represent d 13 C-corrected fractions modern. Replicate analyses of certain samples after moving the Ramped PyrOx system from Tulane University to the University of South Florida, including both reaction curves and 14 C data, are shown in Supporting Information (S1).
14 C analyses of Plant Macrofossils
Following Ramped PyrOx, a second sample of peat was collected from a representative core from each site where basal peat is present (Boutte I and Boutte II). Peat was wet sieved with a 125 mm mesh and examined under a microscope. Fossil plant material was identified and picked from each sample, including charcoal Geochemistry, Geophysics, Geosystems 10.1002/2016GC006526 fragments, Scirpus spp. achenes, and other unidentified seeds and plant fragments. When possible, datable material of the same type (e.g., charcoal) was pooled from multiple cores from the same site. These plant macrofossil samples, along with one closed-tube combustion sample from the Bayou Sale site, were submitted for 14 C dating to the W. M. Keck Carbon Cycle Accelerator Mass Spectrometer Facility (UCIAMS) at the University of California, Irvine. Samples underwent acid-base-acid treatment prior to 14 C analysis; some samples had significant loss of material during treatment, which contributes to the large error bars observed in those 14 C ages (Table 2 ).
Results
Stratigraphy
At each site, the youngest Pleistocene sediments consist of a green-grey silt loam, interpreted as Peoria Loess that blankets the Prairie Complex in this region. Within the uppermost 3-10 cm of Pleistocene sediments, an immature paleosol developed and incorporated SOM during pedogenesis. At the Boutte I and Boutte II sites, the paleosol is overlain by a thin (2-3 cm) peat or clayey peat. This organic-rich layer is overlain by grey clay and silty clay with abundant shell remains, interpreted as lagoonal mud (Figure 2 ). After correction for surface elevation, the depth range of these layers of interest at Boutte I and Boutte II sites are within 20 cm, and the sites are separated by 2 km. Thus, paleosol development and peat formation may have been approximately coeval at these two sites. The paleosol from Bayou Sale VIII is not overlain by peat and does not contain plant macrofossils, so there is no internal age constraint from the same core site. However, nearby sediment cores with macrofossil-dated basal peats stratigraphically above and below the Bayou Sale VIII paleosol provide independent 14 C ages that constrain its age [Li et al., 2012] .
14 C Age Comparisons
Thermographs of evolved CO 2 with temperature, along with Ramped PyrOx 14 C ages of each temperature split collected, are shown for Bayou Sale VIII (Figure 3 ), Boutte I (Figure 4) , and Boutte II ( Figure 5 ). Peat samples generally showed higher T max in the thermographs that were skewed toward higher temperatures. This is likely due to the higher preservation of fresh organic matter from vascular plants, such as lignin phenols, which have been shown to survive pyrolysis at higher temperatures . Low-oxygen environments such as these peat deposits are also low in mineral content, and thus the shift toward compounds pyrolyzing at higher temperatures is most likely related to the chemical structure of well-preserved detritus, rather than mineral protection.
For the paleosol from the Bayou Sale VIII site (DB-532 weighted mean 5 7650 6 50 14 C years B.P., n 5 5; Table 1 ), the age of the first CO 2 split (25-3668C) is 100 14 C years younger than other CO 2 splits from the same sample (Figure 3) , although an equivalence test shows that this offset is not statistically significant (p < 0.05). For the two sites with both a paleosol and overlying peat layer, thermographs and Ramped PyrOx 14 C results are presented together ( Figure 4 , Boutte I; Figure 5 , Boutte II). For each of these sites, individual temperature splits show some heterogeneity in 14 C ages, but the weighted mean age of all Ramped PyrOx splits (comparable to a bulk age) [Rosenheim et al., 2013a] for paleosols and overlying peats are statistically indistinguishable (Figures 4 and 5) . Paleosols from Boutte I and Boutte II show similar results to Bayou Sale VIII, with the lowest temperature CO 2 split 100 14 C years younger than higher-temperature splits from the same sample (Figures 4b and 5b) . Boutte I and Boutte II paleosol samples also yield closed-tube combustion Geochemistry, Geophysics, Geosystems
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''bulk'' ages that are 100-300 14 C years older than any temperature splits from the same sample (Table 1) . In general, the ages of Ramped PyrOx temperature splits from all paleosol and peat samples in this study encompass a range of <300 14 C years. If this range of ages from temperature splits represents the true ages of thermochemically distinct pools of SOM, these suggest centennial-scale or shorter soil turnover times.
Plant macrofossil 14 C ages are summarized in Table 2 . For sites with both paleosol and basal peat, Figure 6 shows a comparison between calibrated Ramped PyrOx (calendar) ages, including weighted bulk age, closed-tube combustion age (representing a single ''bulk'' sample), and plant macrofossil 14 C ages. The larger uncertainties we observe for some plant macrofossil and charcoal ages result from sample size differences, because samples with very small mass have higher analytical uncertainty. This effect is partly due to the lack of identifiable plant remains in the thin, compressed peat layers at this depth. Geochemistry, Geophysics, Geosystems C age [Trumbore, 2009] . In essence, our results contrast sharply with previous Ramped PyrOx applications as well as our initial hypothesis that the youngest portion of the age spectrum would yield an age estimate of the SOM pool that turns over most rapidly. Our results also contrast sharply with demonstrations of wide 14 C variability between different chemically extractable pools of SOM. The paleosols analyzed here exhibit narrow or nonexistent 14 C age spectra where the age of each temperature split is within analytical error 14 C years, typically 80 14 C years, at the 1r level; Table 1 ). Overall, these results suggest that components within the SOM continuum with different ages were rapidly distributed over the entire range of thermochemical stability during soil formation, potentially with a single, dominant turnover time that was very rapid. It is possible that these age spectra reflect that the initial composition of soil material was entirely authigenic, and that a rapid turnover time failed to establish a pool of older SOM prior to burial. However, we note that the paleosols formed in a deltaic setting that contained allochthonous carbon that likely had an age spectrum on the magnitude of 10 3 years [Rosenheim et al., 2013b] . Thus, some sort of rapid Thermograph (blue line) shows the relative amount of CO 2 generated during pyrolysis. Calculated weighted bulk age with propagated error envelope is shown in red dashed lines. Measured 14 C age from bulk closed tube combustion at 10008C is also shown. Figure 4a , one split was lost during analysis, so only four splits were analyzed for 14 C ages, and we do not calculate a weighted bulk age because information is missing from a portion of the thermal age spectrum. Measured 14 C age from bulk closed tube combustion at 10008C is also shown.
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turnover that equalized the 14 C content across the thermochemical spectrum is likely to have occurred prior to burial of these paleosols. These findings for immature paleosols are consistent with ''age homogenization'' observed in comparable modern soils from low latitude and midlatitude [Frank et al., 2012] and tropical regions [Hall et al., 2015] . Together, these results support the increasing evidence that soils contain at least some SOM pools with short turnover times (100-200 years) [Kleber et al., 2011] .
In analyzing a system known to have a spectrum of chemically extracted 14 C contents, using a method known to show disparate 14 C contents while analyzing the bulk SOM, it was entirely unexpected that these paleosols were shown to be invariant in 14 C-content invariant across the thermochemical spectrum. Modern soils have only recently been investigated using Ramped PyrOx [Plante et al., 2013 , using oxygen in the reaction chamber to elicit ramped combustion, rather than pyrolysis followed by combustion as we have done. Their results from soils developed under native grassland showed a narrow range of 14 C ages in all temperature splits, implying that the SOM age was homogeneous regardless of thermochemical stability [Plante et al., 2013] . Cultivated soils from croplands amended with lime (CaCO 3 ) appear to have a stable high-temperature component with a 14 C age offset of up to 8000 14 C years, reflective of higher 14 C ages of the anthropogenically added allochthonous material. Soils with overall rapid turnover times can contain smaller pools with long turnover times [Trumbore, 2009] , but it is not clear how the ages of individual compounds or compound classes would affect SOM age spectra. Our results suggest that the effect of these compounds and compound classes would be minimal.
Recent studies highlight the importance of state factors for soil formation (time, climate, parent material, topography, and organisms) on the development and preservation of SOM pools, rather than molecular structure or thermodynamic stability [Gleixner et al., 2002; Kleber et al., 2011; Lehmann and Kleber, 2015; Schmidt et al., 2011] . Specifically, molecular structure may not be the primary control on SOM stability [Gleixner et al., 2002; Kleber et al., 2011; Schmidt et al., 2011] , and interpretations of paleosol 14 C ages should take this into account. The stability of SOM in different physical and chemical fractions has been shown to be highly dependent on soil texture, especially in environments where pedogenesis is dominated by one or more state factors . Young and old SOM do not have greatly differing chemical structures [Paul et al., 2006] , and recent research demonstrates that ''older'' carbon fractions are not necessarily composed of complex or recalcitrant compounds [Kleber et al., 2011] . Microbial processes may also recycle older SOM into chemically labile components with ''old'' 14 C ages [Gleixner et al., 2002] . The consideration of these processes demonstrates how the paleosols in this study might have contained differently aged pools of extractable carbon, yet still exhibit invariant thermal age spectra.
Most of the research on the spectra of chemically extracted soil 14 C content has focused on active soils that are subject to SOM turnover processes at the time of sampling. The paleosols we examine in this study present a different challenge, because turnover processes ended abruptly with anoxic burial due to sea level rise. Rapid soil formation and subsequent rapid burial under low-oxygen conditions has the potential to prevent preferential degradation of different chemical components of the soil [Marin-Spiotta et al., 2014a] . This may effectively ''lock in'' any spectrum of SOM 14 C ages, preserving them with high fidelity. Thus, it is unlikely that the 14 C age spectra represent postburial homogenization, and instead the thermochemical age Geochemistry, Geophysics, Geosystems
spectrum is a true representation of pedogenic and depositional processes. Given the narrow age spectra resulting from our work, thermochemical analyses of paleosols need to be evaluated within the context of stratigraphic constraints to relate 14 C age spectra to soil turnover time.
Effects of Depositional Environment
In the preceding discussion, we evaluate turnover times in a context where all of the SOM is authigenic and locally produced by pedogenic processes. The early Holocene depositional setting in the Mississippi Delta permits us to additionally evaluate allochthonous contributions to SOM. Old, allochthonous carbon is transported from within the Mississippi River drainage basin, and during periods of high river discharge this material is deposited in the Mississippi Delta [Rosenheim et al., 2013b] . If allochthonous carbon with an old 14 C age was present in the paleosols we studied, we would expect to see 14 C age spectra with an old or 14 C-dead component. Alternately, if allochthonous carbon was homogenized across the entire SOM Geochemistry, Geophysics, Geosystems 10.1002/2016GC006526 thermochemical spectrum via heterotrophic pedogenic processes, the average age of paleosol temperature splits would be older than that of overlying peat, which is not consistent with our data set. However, neither of these possible roles for allochthonous carbon provide an explanation for the homogenized 14 C age spectra that we observe. Most depositional environments contain at least some allochthonous material, and so the lack of 14 C evidence for allochthonous organic carbon is unexpected. One potentially important factor is that during the interval of pedogenesis, the top of the Pleistocene surface had much more topographic relief [Saucier, 1994] than the modern delta plain. Thus, modern organic carbon transport and sediment deposition in this region do not necessarily provide a good analog for early Holocene pedogenesis. Ultimately, active soil turnover processes decouple 14 C age spectra from the age-chemistry relationship expected during deposition and diagenesis, since turnover processes may operate on faster time scales.
If old, allochthonous carbon was at one time present in these paleosols, the ages of the older material may have been smeared into bulk ages by priming, via the input of fresh organic matter that stimulates reactivity of SOM molecules that are more stable. The priming effect is observed in many soils, in which the input of fresh organic matter stimulates the turnover of less-reactive SOM molecules [Blagodatskaya and Kuzyakov, 2008; Kuzyakov, 2010] . The input of reactive, labile carbon enhances decomposition of non-reactive SOM [Kuzyakov et al., 2000] by mobilizing nutrients that enable microbial activity and associated carbon turnover [Garcia-Pausas and Paterson, 2011; Paterson, 2009] . Priming has also been recognized as a key driver of organic carbon cycling in freshwater and marine ecosystems [Bianchi, 2011; Guenet et al., 2010] and in the transfer of terrestrially derived organic carbon into marine deposits [MarinSpiotta et al., 2014b; Ward et al., 2013] . Thus, the priming effect can explain changes in SOM reactivity via enhanced microbial activity as a response to the local availability of labile carbon [Blagodatskaya and Kuzyakov, 2008] .
The priming effect may also provide an explanation for the narrow spectra of paleosol ages. The sedimentary packages in these cores demonstrate that at the different sites, terrestrial pedogenic processes may have been halted by different processes. As sea level rose, brackish, estuarine marshes were established stratigraphically above the paleosols at the Boutte sites (Figure 2 ). The lateral migration of coastal marshes over the Boutte sites may have provided the opportunity for input of younger and more labile carbon, via root networks from the overlying marsh as it developed into a peat-forming environment. Whereas this carbon is not geographically allochthonous, it represents input from a different depositional environment that was overlying an already-buried paleosol. Thus, the vigorous carbon turnover implied by homogeneous 14 C age spectra could result from a combination of pedogenic and postpedogenic priming, which injected younger carbon during the formation and establishment of coastal marshes during sea level rise. It is also possible that during active peat formation, bioturbation and physical mixing played a role in homogenizing paleosol ages with overlying peats, although there is no sedimentary evidence for bioturbation and the stratigraphic age control argues against this. Conversely, at the Bayou Sale site the paleosol is overlain directly by lagoonal mud (Figure 2 ), indicating that pedogenesis was halted by more rapid sea level rise. Thus, organic carbon in the Bayou Sale paleosol had a shorter time window of opportunity for priming; this interpretation is supported by independently dated peats from nearby cores 300 years younger than the paleosol age. At all sites, the rapid cessation of pedogenesis by transgression is key to establishing the youngest possible ages prior to burial.
Stratigraphic Context and Applications
We directly compare paleosol ages, obtained through Ramped PyrOx or closed-tube combustion 14 C dating, with peat and plant macrofossil ages that are stratigraphically related to the paleosols. In studies of late Quaternary environments, 14 C ages from paleosols are typically not considered high-fidelity chronometers [Trumbore and Zheng, 1996] because the organic carbon in SOM has a nonzero age at the time of burial. Therefore, we can evaluate the potential utility of the ramped PyrOx technique for determining the minimum age of a buried paleosol, and its potential use as a chronometer.
We evaluate ages in calendar years by means of calibrated probability distributions (''pdfs''; Figure 6 ). Calibration of Ramped PyrOx 14 C ages is not recommended unless it can be demonstrated that the 14 C content of a particular split is not, in itself, a simple mixture of different carbon sources than the bulk carbon. In the Geochemistry, Geophysics, Geosystems [Reimer et al., 2013] . For paleosols, pdfs from Ramped PyrOx generally overlap within a range 800 cal years. Closed-tube combustion (bulk) ages are in agreement with Ramped PyrOx results. The overlap between calibrated ages of individual temperature splits represents a calibrated age of the weighted mean of the splits, providing a narrower calendar age bracket and smaller uncertainty than the age from bulk analyses ( Figure 6 ).
In Ramped PyrOx 14 C analyses of peat, the ages of individual temperature splits exhibit more heterogeneity than in the paleosols (Figures 4a and 5a ). This may result from differences in preservation style of organic carbon between peat and paleosol. In contrast to the processes that occur within the SOM continuum, plant material that forms peat is much less decomposed due to the lack of oxygen. This style of preservation creates a heterogenous mixture, both in terms of plant material and its chemical makeup. In other samples, replicate Ramped PyrOx runs on the same sample typically show high reproducibility between runs, in terms of both CO 2 evolution curves and 14 C age spectra . Therefore, the heterogeneity of the peat age spectrum is likely real, and this effect may account for the age offsets observed between the bulk ages for paleosol and peat ( Figure 6 ) and the weighted mean ages for Ramped PyrOx of the same samples (Table 1) .
We also evaluate the spectrum of paleosol-derived ages with respect to plant macrofossil 14 C ages, which are generally thought to provide the most accurate age determinations in peats. Paleosol Ramped PyrOx ages show remarkable concurrence with 14 C ages from plant macrofossils from overlying peat ( Figure 6 ). In all three paleosols, one or more temperature splits is shifted 100 years younger than both plant macrofossil ages and the ages of other temperature splits (Figure 6 ), supporting the possibility of injection of younger carbon during development of the coastal wetland above the soil, after the time of initial peat formation.
Our Ramped PyrOx 14 C results suggest a fast turnover time of carbon in early Holocene Mississippi Delta paleosols. Additionally, because the paleosol ages from the Boutte site concur with the ages of plant macrofossils from overlying peats with remarkable fidelity, they represent the time of burial of the paleosols. It is this stratigraphic constraint that enables us to conclude that the ages of the paleosols are indicative of depositional ages (implying a negligible turnover time of carbon in these soils prior to burial). At the Bayou Sale site, paleosol age is constrained by nearby cores in which the paleosol (weighted mean age 7650 650 14 C years B.P.; closed tube combustion age 7580 620 14 C years B.P.) is overlain by independently dated peat (7400 14 C years B.P.) [Li et al., 2012] . In the Bayou Sale paleosol, younger carbon was not introduced into the paleosol during the formation of a directly overlying peat; without this priming effect, the apparent paleosol age is older.
Summary
We present 14 C data from early Holocene paleosols buried at 14-19 m depth from three sites in the Mississippi Delta. We applied Ramped PyrOx 14 C dating to these paleosols and overlying basal peats (where present), and compare the results to 14 C ages from bulk analysis and from plant macrofossils. Our approach yields 14 C ages homogenized across the thermochemical spectrum, which represents a short carbon turnover time during pedogenesis. Rapid sea level rise and burial of these soils under a coastal wetland may have contributed to young 14 C ages via the priming effect, and subsequent rapid burial under anoxic marine conditions resulted in a depositional environment with very little postpedogenic alteration of SOM. Ramped PyrOx 14 C ages from peat exhibit more within-sample heterogeneity. 14 C ages from plant macrofossils within the peats show close correlation with Ramped PyrOx ages from both paleosols and peats. This research establishes Ramped PyrOx as a viable tool for deconvolving the relationship between soil carbon dynamics and burial history. Our results suggest that Ramped PyrOx may be used in the future to explore the 14 C age spectra of buried soils, and elucidate turnover times of past pedogenic processes in multiple environments. The Ramped PyrOx technique may also provide sufficient information about 14 C ages to constrain the age of formation and/or burial of paleosols.
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